Summary
Introduction
Land and water represent a fundamental physical divide. Many adaptations are consequently found among several groups of higher vertebrates that have returned independently to an aquatic lifestyle (e.g. cetaceans, pinnipeds, otters, penguins, turtles, sea snakes). Within mammals, studies of aquatic adaptations have focused largely on morphological changes, particularly those linked to locomotion: development of flippers, limb restructuring, or the evolution of a streamlined, fusiform body plan are classic examples (e.g. Osburn 1903; Taylor 1914; Howell 1930; Tarasoff 1972; Wyss 1987; Stein 1988 Stein , 1989 Fish & Stein 1991; Fish 1993) . Certainly, these are striking differences compared to terrestrial mammals; however, a related question is whether other adaptations extend to other functional traits such as physiology (see Williams 1998 Williams , 1999 , life histories, ecology or behaviour. Some evidence is suggestive (e.g. Scholander 1940; Bartholomew 1970; Repenning 1976; Hawkey 1977; Estes 1989; Dunstone 1998; Williams 1998) although proper comparative tests have not been performed.
Another issue concerns the relative degree to which differences occur between 'fully aquatic' species and those that only partly exploit aquatic habitats. The latter, 'semi-aquatic' species may need to balance the conflicting demands of aquatic and terrestrial environments (Tarasoff 1972; Dunstone & O'Connor 1979; Stein 1988 Stein , 1989 Fish & Stein 1991; Dunstone 1998; Williams 1998 Williams , 1999 and thus may represent a qualitatively different ecological strategy. Conversely, semi-aquatic species may merely differ in the degree to which they exhibit aquatic adaptations (Osburn 1903; Churchfield 1998) . To determine whether specific traits are needed to exploit aquatic environments in general requires that we demonstrate that these traits occur only, or at least more strongly, in species that use aquatic resources than in closely related, non-aquatic species.
The Carnivora offer an ideal opportunity to study
Correspondence: John L. Gittleman, Department of Biology, Gilmer Hall, University of Virginia, Charlottesville, VA, 22903, USA. E-mail: JLGittleman@virginia.edu these problems. The order is a diverse clade of 271 extant species that includes aquatic (pinnipeds and otters), semi-aquatic ( polar bear and mink) and terrestrial forms (most species). The issue of aquatic adaptations across the Carnivora has received some attention (e.g. Repenning 1976 ; Wyss 1987 Wyss , 1988 Wyss , 1989 Flynn 1988; Estes 1989) , particularly in the context of the origin and evolution of pinnipeds relative to all other carnivores ('fissipeds'; see Bininda-Emonds & Gittleman 2000) . Further, availability of a comparative data base on morphology, life history and ecology of fissipeds (see Gittleman 1984 Gittleman , 1991 Gittleman , 1993 ) and a complete phylogeny of all extant carnivore species ( Bininda-Emonds, Gittleman & Purvis 1999 ) allows us to perform statistical phylogenetic tests (see Felsenstein 1985; Harvey & Pagel 1991) . Our analyses directly examine hypotheses of aquatic adaptations in carnivores as proposed by Bartholomew (1970) , Repenning (1976) , Estes (1989) and Dunstone (1998) . We evaluate 20 morphological, life history, physiological and ecological traits accounting for both phylogenetic relatedness and allometry. Our goals are:
(1) to establish what adaptations characterize aquatic species of carnivorans relative to their terrestrial sister taxa, and (2) to investigate whether a distinction exists between fully and semi-aquatic carnivores.
Comparative hypotheses
We tested three broad categories of traits, plus some miscellaneous ones, previously hypothesized to be important in an aquatic lifestyle (following Bartholomew 1970; Repenning 1976; Estes 1989; Dunstone 1998) . Although other potentially key traits and categories exist (see Repenning 1976; Estes 1989; Dunstone 1998) , comparative data are lacking. We list the categories below together with associated hypotheses (summarized in Table 1 ; variables described fully in Appendix). When directionality for a hypothesis is inferred, predictions are given for the value in aquatic forms compared to non-aquatic forms.
 
Water is effectively a colder environment than air due to its greater thermal conductivity (about 24 times; Williams 1998). Other than decreasing thermal conductance (for which data are scanty) from insulation via blubber or a thicker coat, regional heterothermy or behavioural mechanisms in the more semi-aquatic species (Dunstone 1998) , aquatic carnivores can conserve or generate additional body heat in one of three main ways, as follows. 1. Increasing basal metabolic rate (BMR). Although supported by many early physiological studies (e.g. Scholander 1940; Irving 1969 Irving , 1973 , the assertion that aquatic mammals have proportionately higher BMRs for their mass was disputed recently (see Lavigne et al . 1986 and references therein) and may also derive from Table 1 . Summary of the hypotheses under study and the variables used to test them. Predictions refer to the value expected in aquatic forms as compared to non-aquatic forms (+ = increased, − = decreased) and are given for raw variables and ones corrected for size ( body or brain weight the use of invalid cross-species analyses (see Elgar & Harvey 1987) . BMR may also scale differently with body mass in aquatic vs. terrestrial animals given that the former are less exposed to gravitational load and therefore not similar geometrically to the latter (Economos 1979; Platt & Silvert 1981 ) to eliminate possible autocorrelative effects with body mass (Elgar & Harvey 1987) . 2. Decreasing surface area to volume ratio. To minimize radiative surface to the environment, aquatic carnivores should be larger and less elongate (more spherical) than their non-aquatic sister taxa (e.g. Brown & Lasiewski 1972) . Increased size is typical of many aquatic forms (see Estes 1989; Dunstone 1998) and fossil evidence also indicates an increase in size along aquatic lineages (Estes 1989; Wyss 1994) . 3. Decreasing body temperature. A slight trend for decreased body temperatures in marine mammals may stem from allometric changes with large body size (Morrison 1962) or be associated with diving ability, as deeper divers have lower temperatures (Hubbard 1968) . The relation between temperature and body size is unclear: cross-species analyses suggest that temperature is independent of weight across mammals, although some relationship might occur within 'homogeneous subgroups' such as carnivores (Morrison & Ryser 1952; also Folk, Folk & Craighead 1977) . Recently, however, Dunstone (1998) indicated that aquatic vertebrates usually possess elevated core body temperatures relative to their body mass.
 
This category has a greater bearing on the subset of aquatic carnivores that dive, where pressure changes and extended periods of apnea require physiological and morphological adaptations (see Scholander 1940) . While these oxygen-related changes, particularly in haematological variables, are more pronounced in deeper divers ( Lenfant, Johansen & Torrance 1970; Ridgway 1972; Wickham, Costa & Elsner 1990; Melrose et al . 1995) , they could still be advantageous to any animal that undergoes immersion frequently ( Dunstone 1998) . The paucity of data, especially for terrestrial species, restricts our analyses to a few blood parameters. Relative to terrestrial forms, aquatic species are characterized by: 1. Increased haematocrit levels. Haematocrit (or packed cell volume) is the proportion of blood composed of red blood cells (Brannon 1985) . Like most haematological variables, haematocrit is a dynamic parameter that can be (rapidly) altered in response to apnea, stress, development, molting, and captivity, in addition to measuring technique (Castellini, Meiselman & Castellini 1996) . 2. Increased haemoglobin concentration. Increasing either haematocrit or haemoglobin levels increases oxygen stores, but Hawkey (1977) indicates both variables to be constant throughout mammals. However, evidence suggests that the hypothesized changes in both variables may occur in phocid seals (Lenfant et al . 1970) , which are considered the best divers among aquatic carnivores, and possibly also the sea otter and remaining pinnipeds (sea lions, fur seals and walruses) (Lane, Morris & Sheedy 1972) . 3. Decreased red blood cell (RBC) count. RBC size and number are inversely related to maintain constant haematocrit. Larger RBCs are beneficial for all diving mammals because the decreased surface area to volume ratio ensures a constant, slower release of oxygen (Hawkey 1977; Wickham et al . 1989) . 4. Changes in resting heart rate. Apart from hibernators, diving forms are distinguished among mammals by the capacity to greatly reduce their heart rates ('diving bradycardia'). Even on land, heart rates can vary considerably in northern elephant and Weddell seals ( Bartholomew 1954; Kooyman 1981 Kooyman , 1985 . Correlates of heart rate are poorly known, however, beyond a negative relationship with size (Stahl 1967) . We propose no specific hypothesis, but examine if heart rates differ systematically between the groups of interest herein, as this variable is a covariate of other physiological variables.
  
Although life histories are well studied in both pinnipeds (Harrison 1969; Stirling 1983; Boness & Bowen 1996) and fissipeds (Gittleman 1984 (Gittleman , 1986b (Gittleman , 1993 , consistent adaptations in relation to the aquatic environment are virtually unknown (Estes 1989) . Overall, interspecific differences in fissiped life histories vary significantly with phylogeny (taxonomic families), body size, life history covariants and age-specific mortality rates; exceptions are litter size and age at eye opening (Gittleman 1986b (Gittleman , 1993 . If allometry is important, the putatively larger aquatic carnivores (see above) should also have different life history traits (Estes 1989) .
 
1. Brain weight. Two conflicting predictions exist for relative brain size in aquatic mammals. One is that aquatic mammals should have proportionately smaller brains because the high metabolic and energetic demands of neural tissue conflict with the need to conserve oxygen while diving (Robin 1973; Hofman 1983; . Conversely, the complex threedimensional nature of the aquatic environment might select for larger brains (Estes 1989 ). Some empirical evidence shows pinnipeds having among the largest indices for various brain regions for carnivores (Wirz 1950; Stephan 1972) , except for the olfactory lobes which are reduced, particularly in phocids (Fish 1898; Harrison & Kooyman 1968 ). Other studies, however, indicate no difference in overall brain size between aquatic and terrestrial mammals (Gittleman 1986a; . We restrict our analyses to overall brain weight because data on different components in the brain are unavailable for most carnivore species, especially pinnipeds. 2. Sexual dimorphism. Estes (1989) discussed sexual dimorphism in otters but found no empirical trends within the subfamily. In general, factors influencing the degree of sexual dimorphism across species are breeding system, diet and body size, with increasing dimorphism in larger species (Bartholomew 1970; Clutton-Brock, Harvey & Rudder 1977; Ralls 1977; Weckerly 1998 ). Gittleman & Van Valkenburgh (1997) , however, found no allometric pattern within carnivores. We assess sexual dimorphism for body weight, brain weight, head and body length and age at sexual maturity. 3. Population density. The number of individuals residing in an area correlates significantly with resource availability and quality (Gittleman 1984 (Gittleman , 1989 Wolff & Guthrie 1985; Estes 1989) . If these differences extend to terrestrial vs. aquatic environments in general, then observed differences in population density should be found (e.g. as for water shrews compared to their terrestrial counterparts; Churchfield 1998). For otters, there is increased food availability in marine vs. freshwater environments (Estes 1989 ). Differences may therefore also exist between aquatic carnivores since pinnipeds are almost exclusively marine while the remaining forms are almost exclusively freshwater.
Methods

 '  '
We consider aquatic carnivores to be those species in which the aquatic habitat inevitably plays a key role in the life-cycle of an individual: pinnipeds; otters; the European and American minks, Mustela lutreola and M. vison , respectively; the polar bear, Ursus maritimus ; the marsh mongoose, Atilax paludinosus ; and the otter and Congo water civets, Cynogale bennettii and Osbornictis piscivora , respectively. This is a less stringent definition than is commonly used (e.g. those species with an obligate link to water; Estes 1989; Dunstone 1998), but one that permits investigation of whether aquatic adaptations are present, if more weakly, in 'semi-aquatic' species (following Eisenberg 1981; Fish & Stein 1991; Dunstone 1998) . In any case, the definition of 'aquatic' for carnivores is highly arbitrary ( Dunstone 1998; also compare Wall 1983; Estes 1989; Fish & Stein 1991; Dunstone 1998) . Except possibly the sea otter, Enhydra lutris (Estes 1980; Kenyon 1981) , all carnivores are dependent on land at some point in their life-cycle, usually during mating and parturition. It would perhaps be more accurate to speak of 'amphibious' carnivores.

The data set consists of 20 morphological, life history, physiological and ecological traits (Table 1) . Information on fissipeds was collated largely from Gittleman (1984 Gittleman ( , 1985 Gittleman ( , 1986a Gittleman ( , 1986b Gittleman ( , 1991 Gittleman ( , 1993 unpublished data) , with physiological data being obtained from the recent literature. All information on pinnipeds was drawn from the literature except for most brain size estimates; these values were estimated primarily from volumetric measurements of cranial capacities of adult specimens housed at Natural History Museum, London. Measurement protocol followed Gittleman (1986a) : the volume of cleaned, undamaged skulls was determined using 2·0-mm plastic beads and this value was used to directly estimate brain weight assuming 1 mL = 1 g. However, only two (where possible, one male and one female) rather than 10 or more specimens were measured for each species. Descriptions of all variables and procedures used to compile species values are found in the Appendix. The comparative data set for pinnipeds is given in Bininda- Emonds & Gittleman (2000) and the complete data set is available from the first author (see also Bininda-Emonds 1998).
 
Correcting for phylogenetic effects
Hierarchical descent with modification during evolution can cause species values in comparative tests to be non-independent: species that share a recent common ancestor are likely to be more similar than distantly related species, rendering cross-species regression invalid (Harvey & Pagel 1991; Pagel 1993; Purvis, Gittleman & Luh 1994) . Based on the complete species-level carnivore phylogeny and associated 'best estimate' branch lengths from Bininda-Emonds et al. (1999) , all variables displayed significant phylogenetic correlation under the Moran's I statistic, a measure of spatial autocorrelation implemented in the computer package Phylogenetic Autocorrelation (Gittleman & Kot 1990; Purvis et al . 1994) . Z -values (standardized relative to values sampled from the n ! permutations of the raw data) were greater than 1·96 ( = P ≤ 0·05), and were positive and large at the lower taxonomic levels before decaying to negative values at the higher levels (results not shown; see Bininda-Emonds 1998). As an initial analytical step, Moran's I is particularly useful because it does not assume any model of trait evolution (Gittleman & Kot 1990) and is appropriate for relatively large sample (taxa) sizes as herein (Martins 1996) .
We corrected for this 'phylogenetic inertia' using the method of independent contrasts (Felsenstein 1985) as implemented in the computer package CAIC (Purvis & Rambaut 1995b ). Based on a phylogeny, branch length information, and some specified predictor variable, CAIC estimates nodal values for both the predictor and dependent variables from their values in the node's descendent taxa and then generates 'contrasts' (i.e. differences) between independent nodes or species. The predictor variable can be dichotomous or continuous (implemented in CAIC as either  or  analyses, respectively).
Analyses were again based on the phylogeny and branch lengths from Bininda-Emonds et al . (1999) . Both the pattern of relationships and times of divergence for this phylogeny were derived from 177 estimates drawn from the literature using the supertree technique of matrix representation using parsimony analysis (Baum 1992; Ragan 1992 ). As such, it accounts for estimates derived from different data sources (which are largely non-significant; see BinindaEmonds, 2000) and represents the best current estimate of carnivore phylogeny. However, because systematic placement of pinnipeds within arctoids remains contentious (for a review, see Bininda-Emonds & Russell 1996) , we performed comparative tests using three different tree topologies: (1) a monophyletic Pinnipedia with mustelid (weasel) affinities, (2) a monophyletic Pinnipedia with ursid (bear) affinities or (3) a diphyletic Pinnipedia with phocids (true seals) having a mustelid affinity and otarioids (sea lions, fur seals and walruses) having an ursid affinity (Fig. 1) . We excluded the mongooses Dologale dybowskii and Rhynchogale melleri in the analyses because of uncertainty in their phylogenetic positions (see Bininda-Emonds et al . 1999) . However, as both species are poorly known for the variables examined herein, the effect of their exclusion should be minimal.
Quantitative variables were log-transformed (base e) to better conform to the underlying random walk model of evolution used in CAIC (Felsenstein 1985; Purvis & Rambaut 1995b) . The transformation also often equalizes variances, improves normality and converts allometric relationships into predicted linear ones (Harvey 1982) . For the variable 'age of eyes opening', we added one to the raw values before the transformation to eliminate zero values. We determined that these transformations were appropriate, that the branch lengths were adequately standardized (despite CAIC being statistically robust to errors in branch length estimates; Purvis et al . 1994) , and that the Brownian motion model was appropriate for the data using the diagnostic tests outlined in the CAIC User's Manual (see Purvis & Rambaut 1995a; also Garland et al . 1993; Díaz-Uriarte & Garland 1996 .
Allometry
Measurement of size in large-bodied carnivores is problematic (Cattet et al . 1997 ) because body weight is highly variable and changes with season, reproductive condition and physical condition, among other factors (Gittleman 1986b) . It has been argued that brain weight is a better estimator of size because neural tissue growth constrains somatic cell proliferation and thus determines development (Sacher & Staffeldt 1974) or, in terms of life history traits, because it may be more closely tied with maternal metabolic rate (Gittleman 1986b ). Brain weight often accounts for a greater proportion of the variance in numerous variables than body weight (Sacher & Staffeldt 1974; Gittleman 1986b) because it is less variable intraspecifically (Economos 1980) . Here, we are interested in general allometric patterns. Therefore, we tested all variables against both body and brain weight and used the measure that revealed the stronger relationship based on P -values, and secondarily by the one with the higher coefficient of determination ( r 2 ). Multiple regression was not used because the strong collinearity of body and brain weight renders it invalid.
Previous studies have shown that most comparative traits examined in our study are related to size (see above). To investigate allometric relations, we plotted contrasts of each variable vs. contrasts of size (the predictor variable in CAIC's  analysis) using least squares regression through the origin. In all cases, 
We produced size-corrected residuals, when appropriate, by fitting the least squares regression equation so determined to the species (not contrast) data points (Purvis & Rambaut 1995a) .
Aquatic vs. non-aquatic comparisons
We tested for any distinction between aquatic and nonaquatic carnivores by generating contrasts using a dichotomous habitat variable (aquatic vs. terrestrial) as the predictor variable in CAIC (a  analysis). Analyses of sexual dimorphism used ratios calculated as ln (male value /female value), which we did not correct for allometric effects.
If a distinction between aquatic and non-aquatic carnivores exists, the resulting contrasts will be predominantly in the same direction. Unfortunately, the small number of contrasts (nine maximum) limit statistical power. A sign test in particular will be unusually stringent: significant results will usually require all contrasts to be in the same direction and even this might not always be sufficient. This methodological necessity also makes the assumption that all aquatic species will adopt the same solution to a general problem such as heat conservation. In reality, different equally effective solutions may be employed in different lineages (e.g. increased size, increased insulation or increased metabolic rate; see Dunstone 1998; Losos et al . 1998) . Unfortunately, it is not possible to test this. Therefore, we employed one-and two-tailed t -tests coupled with examining for the presence of trends in the data. 'Weak' trends are those where a clear majority of contrasts are in one direction; 'strong' trends are those where all contrasts are in the same direction. The limited number of contrasts also means that the alternative topologies examined herein to account for systematic placement of pinnipeds could greatly affect our results. Note that Tree 3 yields an extra contrast relative to Trees 1 and 2 because phocids and otarioids each possess a nonaquatic sister taxon (Fig. 1) .
Results
 
Most variables revealed significant allometric relationships to either body or brain weight except age of independence, age of eyes opening, body temperature, haematocrit and haemoglobin concentration ( Table 2) . Variables typically regressed significantly on both body and brain weight, and usually slightly stronger on the latter; only total BMR and RBC count were slightly more closely related to body weight. The correction for multiple comparisons meant that some variables correlated with only one size measure: litter size, age of weaning, interbirth interval (all with brain size) and heart rate (with body weight). Except for litter size, uncorrected P -values were less than 0·05 for regressions of these variables with the other size estimator. With respect to sexual dimorphism, all four variables estimated in males (body weight, head and body length, brain weight and age of sexual maturity) showed strong, significant relationships with their female analogues (Table 3) .
   . -  Few significant differences were found between aquatic and non-aquatic carnivores, and most that did would disappear if corrected for multiple comparisons ( Table 4 ; Table 2 . Results of least squares regression analyses through the origin of independent contrasts with size (body or brain weight) as the independent variable. *Indicates slopes significantly different than zero at the 0·05 level (corrected for multiple comparisons using a sequential Bonferroni correction; Rice 1989 Table 4 . Functional differences in aquatic carnivores as compared to their terrestrial sister species for three alternative tree topologies (see Fig. 1 ). For both the t-test and sign test ('Direction'), a positive sign indicates larger values in aquatic carnivores. For the sign test, a question mark denotes no clear trend, while multiple signs indicate that all independent contrasts (n) were in the same direction. *Indicates those comparisons that are significant at the 0·05 level using the t-test (uncorrected for multiple comparisons); probabilities take into account whether a hypothesis was ventured (see Table 1 ). The 'best estimate' for each variable is based on the outcome of the allometric analysis. Full names for all variables are found in the Appendix Tree 1 (mustelid affinity) Tree 2 ( bear affinity) Tree 3 (pinniped diphyly) complete statistical results available from first author; see also Bininda-Emonds 1998). In the following, a positive vs. negative trend refers to a variable having a greater or lesser value, respectively, in aquatic carnivores compared to their terrestrial sister taxa. Differences between alternative tree topologies were minimal ( Table 4; also Table 5 ) and restricted to variables displaying equivocal or weak trends such that a change in a single contrast could affect the directionality of results. However, the P-value for a given variable was usually the lowest on Tree 3 ( pinniped diphyly), possibly because of the larger number of contrasts this phylogeny allowed.
Inferred differences between aquatic and non-aquatic carnivores were influenced strongly by whether and how we accounted for possible allometric effects. Without size correction, most variables showed no clear trend or a weak to occasionally strong tendency to increased values in aquatic species. Head and body length, gestation length, birth weight and possibly age at male maturity and haematocrit were significantly larger in aquatic species. All distinct trends were in the same direction as hypothesized in Table 1 . Of the variables that scaled with body weight, most retained their weak tendency to increased values when we used body weight to correct for size; head and body length remained significantly larger in aquatic species. Only one reversal was seen, that of a weak negative trend in population density to a weak positive trend (contradicting the hypothesis in Table 1 ), although total BMR did change from a strong positive trend to no clear trend when corrected for body size. When brain weight was used to correct for size, a number of weakly positive trends remained; however, some variables were 'muted' to show no clear patterns whatsoever and interbirth interval, longevity and possibly litter size displayed significant negative trends. Again, the only clear reversal from no size correction was for population density. This goes against the prediction in Table 1 , as does the negative trend for body weight. We base further discussion on the 'best estimate' for each variable ( Table 4) , which accounts for whether a variable was size-independent or regressed more strongly with body or brain weight. Most variables displayed either no clear trend or a weakly positive one. Morphologically, aquatic species showed weak tendencies to be relatively smaller in body size (compared to brain weight) and, equivalently, to have relatively larger brains for their body weight; neither trend was significant however, under a t-test. There was no clear pattern in morphological sexual dimorphism with aquatic species being more (brain weight) or less (head and body length) sexually dimorphic or displaying no difference (body weight). With life histories, aquatic species showed significantly reduced interbirth intervals, longevity and possibly litter size. Although the latter trend was only significant on Tree 3 (pinniped diphyly), the contrasts were usually all negative, a strong trend. Weak trends existed for most other variables (birth and litter weights, weaning age, and age at male and female sexual maturity), all of which were positive with respect to non-aquatic species. Aquatic species may also be more dimorphic in terms of age at sexual maturity. Last, aquatic species showed significantly increased haematocrit values (on Tree 3 only), a strong tendency to higher heart rates and weak tendencies to higher haemoglobin levels and population densities and to lower RBC counts than terrestrial forms. Only the results for body weight and population density run contrary to the hypothesized directions in Table 1 .
All taxa revealed an equal tendency to display a trend opposite to the hypothesized direction or, when no hypothesis was presented, to the clear majority of the remaining forms (Table 5) . Again, differences between the tree topologies were negligible. Except for the otter civet (Cynogale) and aquatic genet (Osbornictis) where the data were too scant to render a fair assessment, frequencies for being the 'discrepant taxon' ranged between 19 and 32%, with no apparent correlation to whether a taxon was fully or semi-aquatic.
Discussion
 -    
Comparisons with previous studies are difficult because the data bases and especially comparative methodologies are fundamentally different. Most earlier studies used simple cross-species regression and thus may overestimate the strength of a relationship by failing to distinguish similarity due to common ancestry from that due to similar selection pressures (Harvey & Pagel 1991) . Such was the case when we re-examined the allometric relationships using cross-species regression. Except for age of independence and haematocrit, all variables displayed a significant relationship with size (either body or brain weight), with uncorrected P-values often less than 0·0001 (see Bininda-Emonds & Gittleman Table 5 . Frequency of each taxon to be the 'discrepant taxon' for the best estimate of each variable (see text). Presented as the number of variables the taxon was discrepant /total number of variables it supplied a contrast for. 'Within viverrids' refers to a contrast at the root of the viverrid tree that could not be ascribed to either . Throughout the discussion, we assume our use of independent contrasts at least in part explains any different findings compared to the literature and will instead concentrate on other, more case specific causes.
Results from studies of the Carnivora using crossspecies analysis vs. those using some form of phylogenetic correction (e.g. Gittleman 1986b Gittleman , 1993 Gittleman , 1994 Elgar & Harvey 1987; Ferguson, Virgl & Larivière 1996) are not substantially different. This arises partly because many early 'taxonomic corrections' resemble crossspecies techniques more than current ones, which account more effectively for phylogenetic effects. Also, although cross-species regression is theoretically invalid (Purvis et al. 1994) , it can still give approximately correct answers when the comparative relationship is strong (Pagel 1993) and largely independent of phylogeny.
   
Relative to their terrestrial sister taxa, aquatic carnivores possess increased (absolute) head and body lengths, decreased interbirth intervals, shorter lifespans and possibly smaller litter sizes. There were few other differences in the 20 variables we examined.
Smaller litter sizes are characteristic of K-selected species, which otters and pinnipeds are often considered to be (McLaren 1967; Hennemann, Thompson & Konecny 1983; Stirling 1983; Schmitz & Lavigne 1984) . This life history trait is also associated with a tendency towards larger neonates (only weakly supported herein) and generally precocial young (Eisenberg 1981) . Together, this suite of life histories provides advantages for both mother and offspring in dealing with an amphibious lifestyle. Given that dens or rookeries are often close to the water, suitable breeding sites are at a premium (Bartholomew 1970; Repenning 1976) , thus competitively limiting the number of offspring that can be raised. Precociality is advantageous because of the greater risks the aquatic environment places on newborns (e.g. risk of drowning, problems with flotation) and the increased complexity of dealing with both terrestrial and aquatic habitats (only sea otter offspring will potentially never set foot on land; Kenyon 1981) .
Functional explanations for the remaining two strong trends are not apparent. The result for interbirth interval may be an artefact. With few exceptions, carnivores give birth at approximately 12-month intervals. Many viverrids have shorter interbirth intervals than this and many large carnivores have longer intervals. Together, these two exceptions are sufficient to produce a positive correlation between interbirth interval and brain weight. Thus, although most aquatic species have 12-month interbirth intervals like their sister taxa, their intervals appear shorter when scaled to their relatively large brain size (see below); comparisons uncorrected for size showed no trend (Table 4) . Comparative statements about interbirth interval are also often suspect due to rounding errors in the raw data (Gittleman 1989) and because the values given in the literature often do not account for the true interval where successful rearing of offspring occurs. The decreased longevity of aquatic species could derive from the truly amphibious nature of these organisms. Aquatic carnivores are therefore at greater risk from predators and other dangers associated with two very different environments, neither of which they are ideally adapted to. However, because the longevity estimates we used represent maximum, rather than average lifespans, and were often obtained from captive animals, such a functional explanation seems unlikely. Differences in animal husbandry techniques may be a partial explanation; however, in pinnipeds at least, captive vs. wild longevity values were usually comparable.
Size differences between aquatic and terrestrial carnivores influence numerous functional traits. Despite being advantageous for thermodynamic reasons, aquatic carnivores are absolutely larger than their terrestrial sister taxa for only head and body length, and generally not proportionately larger when we accounted for allometry. The significant increase in head and body length, which remains even when we corrected for size using body weight, is actually detrimental thermodynamically by making these animals less spherical, but is beneficial for locomotion due to streamlining (see Fish 1993) . Therefore, other mechanisms such as increased insulation (see also Wolff & Guthrie 1985) are apparently sufficient to meet the thermoregulatory demands of the aquatic environment without changes to basal metabolic rate ( BMR). The assertion that aquatic mammals have proportionately higher BMRs apparently stems from incompatible data (Lavigne et al. 1986) . Early physiological studies of marine mammals used more manageably sized juveniles, whereas those of most terrestrial mammals used adults in accordance with Kleiber's (1975) criteria (adults that are postabsorptive, non-reproductive, at rest and in thermoneutral conditions). Juveniles have elevated BMRs compared to adults (Ashwell-Erickson, Elsner & Wartzok 1979; Little 1995) . Metabolic data for marine mammals meeting Kleiber's criteria do not show elevated BMRs (Lavigne et al. 1986 ; but see Williams 1998) .
Overall, the large lack of differences among aquatic and non-aquatic carnivores is striking. Within fissipeds, life history traits are independent of ecological factors such as diet, zonation, habitat and activity pattern (Gittleman 1986b (Gittleman , 1993 . With few exceptions (see above; also delayed ages at sexual maturity in some otters compared to terrestrial mustelids; Gittleman 1984 Gittleman , 1986b , our comparative tests provide another example of how little ecological factors influence carnivore life history patterns.
The similarity in haematology between aquatic and non-aquatic taxa might occur because these variables are interdependent and vary within narrow limits across all mammals to maintain optimal oxygen transport (Hawkey 1977) . A more critical adaptation for aquatic species may be increasing oxygen stores through either increased blood volume or increased oxygen capacity of both blood and haemoglobin (Lenfant 1969; Lapennas & Reeves 1982; Hochachka 1992) . However, there were insufficient data, particularly for terrestrial species, to test this hypothesis.
In conclusion, the effects of aquatic living as a general selective force is often a simplification and may obscure important functional differences within terrestrial (e.g. cursorial vs. arboreal species) and aquatic forms (Gittleman 1986b; Boness & Bowen 1996) . Further comparative analyses are needed to isolate which key factors led to the transition between terrestrial and aquatic living and why these factors were so important.
 
We interpret two findings as indirect support for aquatic species also possessing proportionately larger brains for their size (see Wirz 1950; Stephan 1972) . First, when corrected for body weight, brain weight showed a weak trend to increased values in aquatic forms (with P-values generally below 0·10), whereas correcting for brain weight indicated a weak trend to decreased body weight. Secondly, opposing patterns were seen in the size-corrected analysis depending on whether body or brain weight was used as the size estimator. Correcting for body weight revealed the same trends as the uncorrected analysis, but correcting for the proportionately larger brain weight caused most of the positive trends to disappear or occasionally reverse. In other words, using brain weight as a size estimator makes aquatic carnivores appear larger than they really are (in terms of body size), thereby causing variables displaying allometric effects to appear smaller.
The adaptive explanation for relatively larger brains in aquatic carnivores relates to the need for such species to process information in a complex three-dimensional environment (see Estes 1989) , a form of the perceptual complexity hypothesis (see Eisenberg & Wilson 1978; Mace, Harvey & Clutton-Brock 1980; Harvey & Krebs 1990) . Consistent with this is that aquatic carnivores are actually amphibious. Relatively larger brains may help to process information in two very different environments, each with specific sensory cues and cognitive demands. The amphibious nature of aquatic carnivores also explains why they retain small olfactory lobes ( Fish 1898; Hubbard 1968; Gittleman 1991) , structures that are absent or nearly so in the fully aquatic cetaceans (Jerison 1973) . For example, in all pinnipeds, and otariids in particular, identification of newborns and pups by their mothers is based primarily on smell ( King 1983; Boness & Bowen 1996) . Further comparative work is needed on whether olfactory bulbs and possibly other brain components are transitional characters representing key evolutionary shifts from terrestrial to amphibious to aquatic forms (see also Barton, Purvis & Harvey 1995) .
 
Although only a limited number of aquatic-terrestrial comparisons exist within the Carnivora, the ecological and morphological variability found in this group makes our study a valuable initial test of the questions we seek to answer: (1) to identify adaptations characterizing aquatic carnivores (relative to their terrestrial sister taxa) and (2) to determine if adaptation to an aquatic lifestyle is gradual or discrete. Our inclusion of 'semi-aquatic' species in order to test our second question supported the idea that exploitation of aquatic resources at even partial levels correlates with possession of what have been previously thought of as 'aquatic adaptations' (Stein 1988 (Stein , 1989 Fish & Stein 1991) . The semi-aquatic species did not display a greater tendency to contradict the proposed hypotheses or display a contrary trend to the remaining forms than did the fully aquatic pinnipeds and otters.
Increases in sample size within carnivores are not possible (beyond obtaining more information for the poorly known aquatic civets Cynogale and Osbornictis). Similar comparative analyses should test how well the 'aquatic adaptation' hypotheses apply across other mammals and vertebrates in general. Unfortunately, answering this question may not be easy. For instance, there are many aquatic mammals: cetaceans, sirenians, hippopotamus, platypus, some shrews, some marsupials and numerous rodents. However, the identity of their non-aquatic sister taxa is often unknown or contentious, particularly for rodents (see Parker 1990; Nowak 1991) . Furthermore, even when the sister taxa are well agreed upon, such as artiodactyls for cetaceans or proboscideans for sirenians (Irwin, Kocher & Wilson 1991; Novacek 1992; Arnason & Gullberg 1996; Stanhope et al. 1996) , the age of both divergences (≥ 60 million years; Novacek 1992; Arnason & Gullberg 1996; Lavergne et al. 1996) presents special problems. In each case, the accuracy of the contrast depends on obtaining extensive species data and well-resolved phylogenies for both sister groups. As well, the long divergence times mean that any differences might have accrued for selective forces other than the adaptations to an aquatic environment.
